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Abstract  
In this study, we review recent advances in PFM studies 
of micrometer scale ferroelectric capacitors, summarize 
the experimental PFM-based approach to investigation of 
fast switching processes, illustrate what information can 
be obtained from PFM experiments on domains kinetics, 
and delineate the scaling effect on polarization reversal 
mechanism. Particular attention is given to PFM studies 
of mechanical stress effect on polarization stability. 
Introduction
A physical principle of most of ferroelectric-based de-
vices is electrically-induced polarization reversal, which 
on a microscopic level occurs via the nucleation and 
growth of a large number of domains. The dynamic char-
acteristics of domain growth as well as static properties 
of domain structure to a large extent determine the ferro-
electric device performance. Recent advances in the syn-
thesis and fabrication of micro- and nanoscale ferroelec-
tric structures [1–4] make it imperative to understand the 
domain switching behavior at this scale. A major limita-
tion in acquiring this crucial information is the lack of 
experimental methods to characterize the domain kinet-
ics with the nanometer length and nanosecond time res-
olution. The most effective approach to visualization of 
domain kinetics is based on linear coupling between fer-
roelectric and piezoelectric parameters, which on the ex-
perimental level can be detected either by X-ray scatter-
ing or by scanning force microscopy. High-resolution 
studies using time-resolved X-ray microdiffraction im-
aging [5–7] have demonstrated reproducible switching 
behavior of polarization from cycle to cycle and allowed 
direct measurements of domain wall velocity at high 
electric fields. 
Over the last several years majority of the polariza-
tion imaging studies in ferroelectric materials are done 
by piezoresponse force microscopy (PFM). Application 
of PFM provided a breakthrough in understanding the 
static and dynamic behavior in ferroelectric films [8, 9]. 
One of the special features of PFM is its capability to de-
tect the polarization state through the top electrode [10–
12], which provides a unique possibility of nanoscale 
studies of the statics and dynamics of domain structure 
in ferroelectric capacitors under the uniform field condi-
tions. This study reviews recent advances in this area of 
ferroelectric research. 
Experimental approach
In conventional PFM studies of ferroelectrics, a periodic 
bias, V tip = V 0 cos ωt, with an amplitude V 0 well below 
the coercive voltage is applied to a conductive probing 
tip in contact with a bare surface of the sample, i.e., with-
out a deposited top electrode. Due to the converse piezo-
electric effect, application of the ac bias results in a local 
surface displacement, d = d 0 cos (ωt + φ). Domain im-
aging is performed by detecting the piezoelectric strain 
using the same tip. A nanoscale dimension of the tip-
sample contact determines a high spatial resolution of 
domain features [13]. Due to a highly localized electric 
field of the tip, application of the bias above the switch-
ing threshold results in local polarization reversal and 
formation of a single nanoscale domain (Figure 1a). 
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In PFM imaging of the ferroelectric capacitors, the 
probing tip is in contact with the deposited top electrode 
(Figure 1b). Although in this case the whole volume un-
derneath the electrode is electrically excited, the electro-
mechanical response is still probed locally. Scanning the 
electrode surface while measuring the local strain pro-
vides spatially resolved information on domain struc-
ture underneath the electrode. The lateral resolution, 
determined as the domain wall image profile, linearly 
scales with the thickness of the ferroelectric layer H and 
top electrode L. For typical material parameters and thin 
top electrode (L << H), the resolution is expected to be 
w ~ 0.2·H, which presents the ultimate limit on PFM res-
olution in capacitors [14]. 
External bias applied to the top electrode generates a 
uniform electrical field within the capacitor so that the 
PFM tip senses the response from the whole thickness of 
the ferroelectric layer. Thus, this approach allows one to 
get around the problem of an inhomogeneous field dis-
tribution generated by the probing tip in a film without 
a top electrode. Additionally, domain imaging in capac-
itors provides a possibility of direct studies of polariza-
tion reversal dynamics, which on a microscopic level oc-
curs via the nucleation and growth of a large number of 
domains (Figure 1b). This PFM-assisted insight into the 
domain kinetics has significant advantage over conven-
tional electrical testing of the switching behavior as it 
allows direct assessment of the relative contribution of 
nucleation and domain wall motion into polarization re-
versal process, field-dependent motion of domain walls 
and capacitor size effect on its switching behavior. 
Generally, application of PFM to investigation of dy-
namic processes is limited by its low time resolution de-
termined by acquisition time of a single frame (of the or-
der of several minutes). A high-speed version of PFM 
(HSPFM) has been developed by Huey’s group to allow 
image acquisition in several seconds effectively increas-
ing time resolution by two orders of magnitude over 
the conventional PFM imaging [15, 16]. This approach, 
which involves high-speed scanning of a bare ferroelec-
tric surface with a tip under a superposition of a switch-
ing and imaging bias, allows effective studies of the dy-
namics of domain nucleation and growth but requires 
relatively smooth surfaces. 
Recently, time resolution of PFM imaging has been 
improved even further (into the 100 ns range) by using 
an interrupted switching PFM (IS-PFM) method based 
on visualization of domain configurations developing 
in ferroelectric capacitors during step-by-step polariza-
tion reversal [17]. Switching characteristics such as nu-
cleation rate and domain wall velocity can be calculated 
from a set of PFM snapshots taken at different time in-
tervals by measuring the time dependence of the num-
ber and size of growing domains. The time resolution of 
the IS-PFM method is determined by the rise time and 
duration of the switching pulses and, depending on the 
capacitor size and time constant of the external circuitry, 
can be in the order of 10 ns. 
Two main modifications of the IS-PFM method have 
been suggested (Figure 2). In one approach, the domain 
switching behavior is visualized by applying a series of 
short input pulses with fixed amplitude and incremen-
tally increasing duration (τ 1 < τ 2 < … < τ n  < t s τ < t s , 
where t s is a switching time for a given voltage). PFM 
imaging of the resulting domain pattern is performed af-
ter each pulse (Figure 2a) [18]. At the beginning of each 
switching cycle, the capacitor is reset into the initial po-
larization state. Applicability of this approach depends 
upon the reproducibility of domain switching kinetics 
from cycle to cycle. Indeed, it has been shown, that in 
each switching cycle, domain nucleation occurs in the 
predetermined sites most likely corresponding to the lo-
cal defects at the film-electrode interface. Figure 3 shows 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Sketch of domain switching in a standard PFM ge-
ometry, and b ferroelectric capacitor structure. 
Figure 2. Schematic of pulse sequences for IS-PFM imaging of 
domain switching kinetics: a) step-by-step switching approach, 
b) successive switching approach. Reprinted with permission 
from [20]. 
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a two-dimensional map of on nucleation probability ob-
tained by Kim et al. [19] in epitaxial Pb(Zr, Ti)O3 (PZT) 
capacitors. This map is a direct illustration of the fact that 
ferroelectric switching is a result of heterogeneous nucle-
ation. Most sites in epitaxial capacitors have nucleation 
probability above 90% while in polycrystalline capaci-
tors probability is close to 100%. 
In another approach, proposed to reduce the detri-
mental effect of stochastic nucleation events in epitax-
ial structures, after a capacitor is being set, the switch-
ing pulses of the same duration are applied to the 
capacitor (τ1 = τ2 = … = τn  < t s ) with PFM imaging be-
tween the pulses (Figure 2b) [20]. In this case, it is as-
sumed that the PFM image obtained after the n-th pulse 
is the same as that after a single pulse with duration of 
t = τ1 + τ2 + … + τn. Then, all the PFM images taken be-
fore the (n + 1)-th pulse reveal the successive domain 
wall evolution during the time period of t. 
It should be mentioned that both variations of the IS-
PFM method rely on stability of instantaneous domain 
patterns between pulse applications. Whether polar-
ization relaxation takes place or not can be checked by 
comparing the PFM switching with the transient current 
measurements. Little or no discrepancy between the two 
sets of data obtained in most reports is a solid proof of 
the reliability of the IS-PFM approach. A small dc offset 
during PFM imaging can be used to account for an inter-
nal bias (imprint) in the capacitors and stabilize the do-
main patterns [21]. 
Capacitor scaling effect on domain switching kinetics
Application of the IS-PFM approach to fast switching pro-
cesses (in the 100-ns range) allowed identification of the 
effect of capacitor size on the rate-limiting mechanism. 
Figure 4 shows PFM images of instantaneous domain 
configurations developing in 1 × 1.5 and 5 × 5 μm2 poly-
crystalline (111) PZT capacitors at different stages of po-
larization reversal process [18]. IS-PFM switching data in 
Figure 4 indicate the difference in switching mechanisms 
in larger and smaller capacitors. Generally, in larger ca-
pacitors, two distinct stages of polarization reversal can 
be observed: a fast switching stage dominated by domain 
nucleation (usually up to 60–70% of the total volume) and 
a slower stage where switching occurs mainly via lateral 
domain wall motion. On the other hand, in the small ca-
pacitors the switching proceeds mostly via lateral growth 
of just few domains, i.e., contribution of domain nucle-
ation to polarization reversal is significantly reduced. Due 
to the qualitatively different domain dynamics, the rela-
tive switching speed of capacitors of smaller dimensions 
is field dependent: they switch faster than the larger ca-
pacitors in the high field range (in agreement with earlier 
reports by macroscopic measurements [22]), but slower in 
the low fields (Figure 5a) [18]. 
Figure 3. A two-dimensional map of nucleation probability ac-
quired in epitaxial PZT capacitor. The scan area is a 6 × 6 μm2. 
Reprinted with permission from [29]. 
Figure 4. PFM phase images of domain configurations developing in polycrystalline (111) PZT capacitors, a) 1 × 1.5 μm2 and b) 
5 × 5 μm2, at different stages of step-by-step polarization reversal in the low field range (E = 100 kV/cm). The scanning area is 
1.6 × 1.6 μm2 in (a) and 5.5 × 5.5 μm2 in (b). Reprinted with permission from [28]. 
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Quantitative insight into the capacitor scaling effect 
on switching behavior has been obtained by measuring 
the field dependency of nucleation rate R and wall veloc-
ity v (Figure 5b) obtained from the time dependence of 
domain number and domain radius, respectively [17]. It 
is found that both parameters are exponential functions 
of the applied field: R ~ exp (− α n /E) and v ~ exp (− α 
w /E), where α n  = 7.1 × 107 V/m and α w  = 8.3 × 107 V/
m. A difference between activation field values α n and α 
w in combination with the capacitor size-dependent po-
larization switching mechanism explains faster switch-
ing in 1 × 1.5 μm2 capacitors in comparison to 5 × 5 μm2 
capacitors in the high field range by virtue of transition 
from wall-limited to nucleation-limited switching. As 
contribution of nucleation to the polarization switching 
in smaller capacitors is insignificant (they switch mainly 
via the domain wall motion), in the high field range, 
where nucleation is a rate-limiting mechanism, the 
smaller capacitors will switch faster than the larger ca-
pacitors. In the low-field range, on the contrary, domain 
wall speed will limit the switching rate. For this reason, 
larger capacitors characterized by considerable contri-
bution of nucleation mechanism to polarization reversal 
will be switching faster in low fields. Theoretical estima-
tions show that the nucleation time becomes a rate-limit-
ing parameter for polycrystalline PZT capacitors smaller 
than 0.6 μm2 in the fields above 200 kV/cm [18]. 
Effect of film microstructure on domain switching 
kinetics
Direct imaging of domain evolution during switching 
provides a possibility to understand the effect of film 
microstructure on polarization reversal behavior. A tra-
ditional approach to model the switching kinetics—the 
KAI model—is based on the classical statistical theory 
of nucleation and unrestricted wall motion proposed 
by Kolmogorov and Avrami, and extended to ferroelec-
trics by Ishibashi [23]. In the KAI model, the volume frac-
tion of the polarization switched by time t is described 
by p(t) = 1 − exp [−(t/t0) n ], where t0 is the characteristic 
switching time and n can be treated as domain dimen-
sionality reflecting the mechanism of polarization rever-
sal. The KAI model has been successfully applied to the 
switching in epitaxial thin films and single crystals. How-
ever, switching in polycrystalline films proceeds much 
slower than predicted by the KAI model [24] and contin-
uous domain wall motion is presumably interrupted due 
to pinning by structural defects. Validity of this assump-
tion has been confirmed by IS-PFM observation of spa-
tial variations in domain wall velocity by almost two or-
ders of magnitude [10]. It has been also shown that the 
KAI model cannot adequately fit the domain switching 
kinetics. A nucleation-limited (NLS) model featuring in-
dependent switching kinetics in individual grains and 
an exponentially wide variation of local nucleation times 
has been proposed to explain switching in polycrystal-
line capacitors [25, 26]. The time-dependent behavior of 
switched polarization is expressed by p(t) = 1 – ∑ F(log 
t0) exp(– (t/t0)n), where F(log t0) is a distribution function 
for local switching times. To account for variations in the 
local electrical field related to the randomly distributed 
dipole defects, Jo et al. [27] suggested to use the Lorent-
zian distribution of log t0 . This treatment allows descrip-
tion of the switching current data within a wide range of 
electric fields and temperatures. IS-PFM measurements 
show that this approach provides the best fit for exper-
imentally observed domain kinetics in relatively large 
polycrystalline PZT capacitors (Figure 5a). In contrast, 
the switching kinetics in smaller capacitors is close to the 
logarithmic time dependence, which can be a result of a 
much narrower distribution of log t 0 . 
Snapshots of domain structure evolution during 
switching in epitaxial (001) PZT capacitors are shown 
Figure 5.  a) Switched capacitor volume as a function of time for 1 × 1.5 and 5 × 5 μm2 (111) PZT capacitors in the low field range 
(E = 100 kV/cm) showing faster switching in larger capacitors. Smaller capacitors start to switch faster in the fields above 200 kV/
cm. Dashed line-fitting of the PFM switching data by the NLS model using Lorentzian distribution for log t 0 . b) Nucleation rate 
and domain wall velocity vs. electrical field for 5 × 5 μm2 capacitors. Reprinted with permission from [28]. 
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in Figure 6. Note that the switching as a whole occurs 
via dynamics of 180° domains and no 90° wall forma-
tion has been observed in agreement with earlier conclu-
sion based on transient current measurements [28]. For 
E = 700 kV/cm, the nucleation density was estimated to 
be 7.1 × 108 cm−2 (Figure 6a), which is well below the nu-
cleation density of 3.2 × 1012 m−2 measured in polycrys-
talline PZT capacitors [18]. Given a higher concentration 
of point defects associated with grain boundaries and rel-
atively rough interfaces in polycrystalline films, this dif-
ference is reasonable. The time-dependent evolution of 
domain structure reveals that the wall velocity is isotro-
pic and independent of domain size in the range at least 
up to 400 nm in diameter. Considerable decrease in the 
wall velocity has been observed for domains in the close 
proximity (<100 nm) to another growing domains. 
Significant anisotropy of the wall velocity has been 
detected during switching in the lower field range 
(<500 kV/cm). This anisotropy is manifested by the for-
mation of characteristically elongated domains (Fig-
ure 6b). Measurements of domain size as a function of 
time show that in the y-axis direction the wall velocity 
v y is almost three times higher than velocity v x in the 
orthogonal x-axis direction (0.39 m/s and 0.12 m/s, re-
spectively). Overall, the switching kinetics in the low 
fields is characterized by a long-range (up to 1 μm) lat-
eral growth of just a few nucleated domains in stark con-
trast to the switching in the high fields. 
For epitaxial capacitors, the KAI model provides ex-
cellent description of the time-dependent switching be-
havior, which in stark contrast with the case of polycrys-
talline PZT capacitors. It has been found that n values 
are different for low and high fields and very close to 
integer values: 1.12 for 500 kV/cm and 1.96 for 700 kV/
cm, indicating a change in the switching mechanism. In 
the KAI model, n=2 corresponds to a growth of cylindri-
cal domains (2D growth) and n=1 indicates a lateral ex-
pansion of lamellar domains (1D growth). An increase 
in n with an applied field, also reported by So et al. [29], 
is consistent with the change in domain growth dimen-
sionality revealed by IS-PFM studies—transition from 
one-dimensional anisotropic growth under 500 kV/cm 
to two-dimensional isotropic growth under 700 kV/cm. 
A general approach adopted by Noh et al. [30] treats 
domain wall motion as a nonlinear dynamic process re-
sulting from competition between elastic and pinning 
forces. Investigations of domain growth in a wide range 
of temperature and electric field showed that the wall 
dynamics could be classified into the creep, depinning, 
and flow regimes. Wall velocity exhibits high temper-
ature dependence in low fields, while in high fields a 
crossover to the flow regime makes it temperature inde-
pendent. In the creep regime at low fields, the wall dy-
namics can be described as thermally activated propaga-
tion between pinning sites: v ~ exp [−(U/k B T)(E c /E) μ ], 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
where U is an energy barrier and μ is a dynamic expo-
nent, reflecting the nature of the pinning potential. It was 
found that for epitaxial PZT capacitors μ = 0.9 ± 0.1 over 
a wide temperature range suggesting a long-range pin-
ning potential due to defect structure. 
Mechanical stress effect on static polarization behavior
The static polarization state in ferroelectric capacitors, 
determined by the thermodynamic minimum of free en-
ergy, is a function of electrical and mechanical boundary 
conditions. Reduction of the free energy via formation of 
ferroelectric domain structures gives rise to a profound 
mechanical stress effect on the physical properties of fer-
roelectrics. Accommodation of the misfit strain between 
a substrate and a thin film in epitaxial heterostructures 
can result in the appearance of new phases forbidden in 
bulk samples and significant size dependence on the di-
electric and piezoelectric properties [31]. Numerous at-
tempts have been made to develop a thermodynamic 
theory that would account for the effect of the mechan-
ical boundary conditions on structural transformations 
in ferroelectric films [32–34]. However, up to now al-
most all of these studies took into account the mechan-
ical boundary conditions only at the film/substrate in-
terface while effect of the mechanical stress imposed by 
the top electrode (TEL) has largely been ignored. Appli-
cation of PFM reveals that boundary conditions at the 
top interface drastically affect the polarization stability 
in polycrystalline PZT capacitors. 
Figure 7 shows surface topography, PFM amplitude, 
and phase images of the poled 1 × 1.5 μm2 capacitors 
with a 50-nm thick TEL [35]. Capacitors in the upper row 
have been poled by −5 V, 1 s voltage pulses applied to 
the top electrodes, while the bottom row capacitors have 
Figure 6. PFM phase images of domain configurations devel-
oping in epitaxial (001) PZT capacitors a E = 700 kV/cm; b 
E = 500 kV/cm. The scan size is 2.5 × 2.5 μm2. 
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been poled into opposite direction by the +5 V, 1 s volt-
age pulses. Uniform amplitude and phase contrast indi-
cate complete and uniform switching of the capacitors 
into a stable polarization state. 
On the other hand, PFM imaging of the poled ca-
pacitors with the 250-nm thick TEL (Figure 8) reveals 
unusual domain patterns: after application of poling 
voltage the central regions of the capacitors exhibit po-
larization opposite to the polarity of the applied volt-
age. The observed effect is symmetric with respect to 
the voltage polarity, i.e., the central parts of the capaci-
tors always exhibit polarization opposite to the applied 
bias. It should be mentioned that imaging the same ca-
pacitors in the PFM mode with an additional dc bias su-
perimposed on the ac imaging voltage resulted in com-
plete switching of polarization in the whole capacitor 
indicated by a uniform PFM signal across the top elec-
trode. However, after the dc bias is turned off, the in-
verse domain in the center region appears again. This 
behavior is indicative of spontaneous backswitching 
occurring in the center of the capacitors after applica-
tion of the poling voltage. These results also suggest 
that the back-switching effect in the PZT capacitors is 
not affected by the substrate but is the result of the pres-
ence of a thick (250 nm) top electrode. 
Free energy calculations using a fully-coupled fer-
roelectric finite element phase field (FFEP) model [36] 
show mechanical constraints due to the thick top elec-
trode create residual shear stresses during ferroelectric 
switching in (111) PZT capacitors leading to complex, 
twinned domain structure (Figure 9). The residual elastic 
energy results in spontaneous polarization backswitch-
ing in the central regions of capacitors. Residual elastic 
energy is larger in the center away from the stress-free 
edges, which explains why backswitching mainly occurs 
in the central parts of the capacitors. 
Also, recently residual stress has been suggested to 
cause faceting in poled epitaxial (001) PZT capacitors [37]. 
Figure 8.  a) Topographic, b) PFM 
phase, and c) PFM amplitude of 
the poled (111) PZT capacitors with 
250-nm thick top electrodes. Upper 
row capacitors poled by negative 
voltage pulses (−5 V, 1 s), bottom 
row capacitors poled by positive 
pulses (+5 V, 1 s). The scanning 
size is 6 × 6 μm2. Reprinted with 
permission from [35]. 
Figure 9. Finite element phase field 
map of the out-of-plane (111) po-
larization component (P2) in two 
short-circuited ferroelectric capaci-
tors with a lateral size of 1 μm un-
der equilibrium conditions: a) 250-
nm thick TEL; b) 50-nm thick TEL. 
Reprinted with permission from 
[35]. 
Figure 7.  a) Topographic, b) PFM 
phase, and c) PFM amplitude of the 
poled (111) PZT capacitors with 50-
nm thick top electrodes. Upper row 
capacitors poled by negative volt-
age pulses (−5 V, 1 s), bottom row 
capacitors poled by positive pulses 
(+5 V, 1 s). The scanning size is 
6 × 6 μm2. Reprinted with permis-
sion from [35].
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It has been shown that within a period of time much lon-
ger than the switching time the metastable circular do-
mains develop facets along (100) directions (Figure 10). 
Faceting can be attributed to anisotropic contribution 
to the wall velocity along the crystallographic axes [38]. 
The observed effect is interpreted as mechanical relax-
ation resulting from highly inhomogeneous stress distri-
bution in the circular capacitors with high-stress condi-
tions in the center due to electrode-film lattice mismatch 
and presumably stress-free edges. 
Conclusion
Rapid development of ferroelectric-based devices with 
reduced dimensions generated a strong need for exten-
sive investigation of the size effects in ferroelectric materi-
als. Application of PFM provides a unique opportunity to 
study physical mechanisms underlying the static and dy-
namic properties of ferroelectric structures at the nanoscale 
level. Inhomogeneous domain nucleation results in repro-
ducibility of switching kinetics and allows application of 
the interrupted switching PFM approach to study fast po-
larization reversal processes. Direct measurements of the 
field-dependent wall velocity and nucleation rate provide 
information on the mechanism of domain growth in con-
junction with microstructural and scaling effects. 
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Figure 10. PFM phase images of the poled circular epitaxial 
PZT capacitor a) right after poling, and b) 24 h after poling. Re-
printed with permission from [37]. 
